The organization of proteins in biological membranes has been the slubject of intensive study over the past few years. The inner membrane of mitochondria is particularly diverse in its polypeptide content (Hare & Crane, 1974) and, because of the possible relevance to the mechanism of oxidative phosphorylation, there is much interest in the 'sidedness' of the membrane and the vectorial organization of the constituent proteins (Harmon et al., 1974) . Because membrane proteins have been separated primarily by gel electrophoresis in the presence of sodium dodecyl sulphate, positive identification of individual polypeptides with enzyme function has proved difficult, and there is still considerable disagreement in the literature as to the polypeptide composition of relatively simple niembrane complexes such as Complex III (ubiquinone-cytochrome c reductase) (Gellerfors & Nelson, 1975) . As far as polypeptide composition is concerned, the NADH dehydrogenase region of the respiratory chain has received little attention, and two reports of the composition of Complex I (NADHubiquinone reductase; Hatefi et al., 1962a) are in VoL. 154 almost total disagreement (Hare & Crane, 1974; Capaldi, 1974) . In addition to Complex I, soluble NADH dehydrogenases have been described of both the high- (Ringler et al., 1963; Huang & Pharo, 1971; Baugh & King, 1972) and low-(e.g. King & Howard, 1967; Hatefi & Stempel, 1967 ) molecularweight varieties. Chaotropic resolution of Complex I (Hatefi & Stempel, 1967) gives rise not only to a lowmolecular-weight NADH dehydrogenase, but to a soluble iron-protein fraction as well. The enzymic properties of all these preparations have been described in detail but their polypeptide compositions have not. In the present report, the constituent polypeptides of Complex I and the high-molecularweight NADH dehydrogenase are described, and a detailed study of the chaotropic resolution of Complex I is presented.
Materials and Methods
Complex I (EC 1.6.5.3) (Hatefi et al., 1962a ) and soluble NADH dehydrogenase (EC 1.6.99.3) (Baugh & King, 1972) were prepared from bovine heart as described in the references. Phospholipase A (EC 3.1.1.4) was purified from Naja naja venom (Sigma Chemical Co., Kingston-upon-Thames, Surrey, U.K.) by the method of King & Howard (1967) . Protein (Lowry et al., 1951) , iron (Smith et al., 1952) , acid-labile sulphide (King & Morris, 1967) and FMN (Ragan & Racker, 1973) were assayed as described in the references. Bovine serum albumin (fraction V; Sigma Chemical Co.) was used as a standard for protein determination.
Iodination ofproteins lodination was carried out as described by Phillips & Morrison (1971) . Experimental details are given in the Figure and Table legends . Iodination was terminated by the addition of EDTA (1 mM) and 2-mercaptoethanol (0.1 %). Lactoperoxidase (EC 1.l1.1.7) was obtained from Sigma Chemical Co. and Na125I from The Radiochemical Centre, Amersham, Bucks., U.K.
Polyacrylamide-gel electrophoresis
Samples (0.5-1 mg of protein/ml) were denatured in 1 % sodium dodecyl sulphate and 1 % 2-mercaptoethanol for 12-20h at room temperature (21°C). Gels containing 10% (w/v) acrylamide and 0.27% bisacrylamide were polymerized in glass tubes (12cmx 6mm internal diam.) as described by Weber & Osborn (1969) . Electrophoresis was performed at 5mA/gel for 16h. Gels were fixed, stained and destained by the method of Weber & Osborn (1969) Enzyme assays NADH-ubiquinone-1 reductase was measured by the decrease in extinction at 340nm of a solution containing 20,umol of potassium phosphate, pH 8.0, 0.1jlumol ofNADH, 0.06jumol ofubiquinone-1, 0.1 mol of soya-bean phosphatidylcholine (Ragan & Racker, 1973) and en5zyme in 1 ml. Where indicated, 0.Sg of rotenone was included. NADH-menadione reductase was measured similarly except that 0.24umol of menadione replaced the ubiquinone-1 and phosphatidylcholine. NADH-ferricyanide reductase was measured by the decrease in extinction at 420nm of a solution containing 20urnol of potassium phosphate, pH8.0, 0.lpol of NADH, l1mol of K3Fe(CN)6 and enzyme in l ml. Nicotinamide nucleotide transhydrogenase (EC 1.6.1.1) was measured by the decrease in extinction at 340nm of a solution containing 0.1 mmol of Tris/acetate, pH7.4, 0.07,mol of NADH, 10jug of L-lactate dehydrogenase (Sigma Chemical Co.), 2pumol of NADPH and enzyme in 1 ml. All measurements were made at room temperature. Where specific comparison of activities with literature values has been made, assays were performed exactly as described in the literature.
Results

Polypeptide composition of Complex I
Complex I preparations contained as a routine (per mg of protein) 28-29nmol of iron or acidlabile sulphide and 1.1-1.3nmol of FMN. Activities at 38°C ranged from 280 to 340uniol of NADH oxidized/min per mg of protein (Vma.. with ferricyanide as acceptor) and 7-15,lmol of NADH oxidized/min per mg of protein (Vm.x. with ubiquinone-I as acceptor). The polypeptide composition of a typical preparation is shown in Fig. 1 . The same position and relative amount of each component was observed in a large number of preparations, except for the content of the slowest-moving component, which was variable. The molecular weights of the bands are also indicated in Fig. 1 , and agree closely with those given by Hare & Crane (1974) , although only the major bands were resolved on their gels. Contamination by Complex III (ubiquinone-cytochrome c reductase; Hatefi et al., 1962b) was not significant, since the major components of Complex III, with mol.wts. of 47000 and 50000 (Gellerfors & Nelson, 1975) (Yu et al., 1975) ]. Complex I did not contain any F1 ATPase* (Penefsky et al., 1960) , assayed either by its activity or by the presence of the major F1 subunits with apparent mol.wts. of 59000 and 54000 as determined by electrophoresis in the presence of sodium dodecyl sulphate (Knowles & Penefsky, 1972) . The non-identity of the polypeptide of mol.wt. 53000 with a subunit of F1 ATPase was clearly established by co-electrophoresis of Complex I and F1 ATPase (results not shown). Absence of a polypeptide of mol.wt. 70000 (Davis & Hatefi, 1971) indicated that Complex I did not contain succinate dehydrogenase.
Polypeptide composition of soluble high-molecularweight NADH dehydrogenases
In the absence of any criteria for the purity of a particular multienzyme complex, it was decided to compare the polypeptide composition of similar preparations purified by radically different procedures. For the NADH dehydrogenase region of the respiratory chain, Complex I is the preparation of choice, since it exhibits all the properties expected of this segment. The soluble highmolecular-weight dehydrogenases lack rotenones6nsitive ubiquinone reductase activity (Singer & Gutman, 1970) and cannot recombine with the cytochromes to reconstitute NADH oxidase. Nevertheless they are similar to Complex I in their iron and flavin contents and in their electron-paramagneticresonancespectra (Gutmanetal., 1971 Fig. 2 . The soluble dehydrogenase did not contain the 87000-mol.wt. polypeptide, and, compared with Complex I, contained relatively higher concentrations of polypeptides in the 30000-and 15000-mol.wt. regions. Direct comparison of peak heights was complicated by the consistently poor resolution of the polypeptides of the soluble dehydrogenase, particularly in the low-molecular-weight region (Hare & Crane, 1974) , and the decreased staining intensity of the dehydrogenase subunits compared with Complex I (in Fig. 2 , twice as much soluble dehydrogenase protein as Complex I protein was electrophoresed). Apart from these differences the profiles were quite similar despite the totally different isolation procedures for the two preparations.
The Baugh & King (1972) preparation is solubilized with Triton X-100. Another similar highmolecular-weight NADH dehydrogenase is solubilized by the action of phospholipase A (Ringler et al., 1963) . In the experiment of Fig. 3 , Complex I was incubated with phospholipase A, which caused complete loss of rotenone-sensitivity, and subjected to density-gradient centrifugation at pH 10, as described for the final stage of purification of the soluble NADH dehydrogenase (Lusty et al., 1965 (Hatefi & Hanstein, 1973) . This activity does inot appear to be a function of NADH dehydrogenase, but is due to a separate enzyme system (Ragan et al., 1974) . It has been reported that transhydrogenase activity, but not dehydrogenase activity, can be solubilized from ox heart submitochondrial particles by low concentrations of lysophosphatidylcholine (Rydstrom et al., 1974) . A partially purified transhydrogenase contains two polypeptides of mol.wt. approx. 30000, which together account for 70% of the total protein (Rydstr6m, 1975) . The effect of lysophosphatidylcholine on Complex I is shown in Fig. 4 . Nicotinamide nucleotide transhydrogenase activity was solubilized completely by 0.1 % lysophosphatidylcholine. However, 50-60% of the NADH dehydrogenase, activity was also solubilized, although lower concentrations of lysophosphatidylcholine were. effective. Despite the lack of separation of the two activities, A parallel incubation received no phospholipaseA. Samples werecooled to 4°C, mixed with0.055ml of0.5M-glycine/NaH, pH 10.0, and layered on lOml linear gradients containing 50mM-glycine/NaOH, pH.10.0, and 28L65% (w/v) sucrose as described by Lusty et al. (1965) 33 000-mol.wt. polypeptides, whereas the pellet fraction from the 0.1 % lysophosphatidylcholine treatment contained decreased concentrations of these bands. The 0.02% lysophosphatidylcholine supernatant and 0.1 % lysophosphatidylcholine pellet contained a decreased transhydrogenase/dehydrogenase ratio, whereas the 0.1% lysophosphatidylcholine supernatant contained an increased ratio. Therefore presence of the 87000-and 33 000-mol.wt. polypeptides did not correlate with the presence of transhydrogenase activity and it can therefore be concluded that transhydrogenase does not contribute significantly to the polypeptide profile of Complex I.
Chaotropic resolution of Complex I
Resolution of Complex I by NaCI04 released relatively few polypeptides into solution, namely those of mol.wts. 75000 (75 K), 53 K, 29K, 26K and 8 K, along with traces of others in the 1OK-20K-molecular-weight range (Figs. 6a and 6b) .
The iron-protein fraction (Fig. 6c ) contained all of these components, but had a lesser content of the 53K-and 26K-mol.wt. bands, which were also found in the flavoprotein fraction (Fig. 6d) . Chromatography of the iron-protein fraction on Sephadex G-200 in the presence of 1 M-urea caused removal of the residual 26K-mol.wt. band, but not all of the 53 K-mol.wt. band (results not shown). This indicated that either the 53K-and 26K-mol.wt. components of the flavoprotein were relatively easily separated or that the 53K-mol.wt. band was heterogeneous, a possibility that is discussed at greater length below.
The low-molecular-weight NADH dehydrogenase (flavoprotein) prepared by either urea or perchlorate resolution of Complex I contained components of molecular weights 53K and 26K and small amounts of a component of molecular weight about 8K. Activities were as high as or higher than those claimed by Hatefi & Stempel (1969) . The molar ratio of these two bands was estimated from the relative stain intensity and the molecular weights to be 1.0. The summed mol.wt. of 79000 agreed well with the molecular weight calculated from the FMN content [13.5-14.5 nmol/mg of protein (Hatefi & Stempel, 1969) ] or estimated by Sephadex G-200 chromatography, where a value of-76000 was obtained (Fig. 7) . It is proposed therefore that the low-molecular-weight NADH dehydrogenase contains two subunits in a 1:1 molar ratio. The 8K-mol.wt. band is probably an impurity, since it is present in low and variable amounts.
The fraction precipitated from the perchloratesoluble material between 27.5 and 36.4% saturation with (NH4)2SO4 did not contain significant amounts of protein compared with the iron-protein fraction The supernatant was fractionated with (NH4)2SO4 as described by Hatefi & Stempel (1967) to give the ironprotein and flavoprotein fractions. The pellet from the NaCIO4 treatment was re-extracted with NaClO4 under the same conditions to ensure complete removal of solubilized polypeptides. This second treatment only removes those polypeptides solubilized by the first NaClO4 extraction but trapped in the pellet volume (Table 1) . Gel electrophoresis was performed on lOOpg of unresolved Complex I (Fig. 1) and portions of the other fractions that would have been derived from lOOgg of Complex I protein (Fig. 6) . Apart from the handling losses, the profiles of Figs (Fig. 6 ).
(0-27.5% saturation) or the flavoprotein fraction (36.4-52.9 % saturation). Almost no protein was left in the supernatant after the addition of (NH4)2SO4 to 52.9 % saturation. The distribution of NADH-and dithionitereducible flavin and non-haem iron in the various fractions from perchlorate resolution was measured by the spectroscopic change at 450nm, as shown in Table 1 Lactoperoxidase-catalysed iodination ofComplex I caused incorporation of 125I into most of the polypeptides (Ragan, 1975) . In Fig. 8 , the distribution of radioactivity among the various polypeptides of Complex I and fractions from the perchlorate fractionation of Fig. 6 is shown. In Complex I (Fig. 8a) , all polypeptides were apparently labelled, except for the 29K-, 26K-and possibly the 23.5K-and 15.5K-mol.wt. bands. The perchloratesolubilized material (Fig. 8c) , although containing 30% of the total protein, was labelled to only a limited extent, predominantly in the 75 K-and 53 K-mol.wt. bands. Despite almost complete solubilization ofthe polypeptide ofmolecular weight 53 K, most of the 1251 at this position remained in the insoluble residue (Fig. 8b) . Therefore there are at least two polypeptides of this molecular weight, a minor component that is heavily labelled, and a major component that is lightly labelled. The 29K-1976 Table 1 . Chaotropic resolution of Complex I Complex I (20mg of protein) was diluted to 2.0ml with medium containing 0.67M-sucrose, 5OmM-Tris/HCI, pH8.0, lmM-histidine and 0.5M-NaClO4, and incubated at 35°C for 10min. After centrifugation at 1000OOg for 15min in the lOxIOml rotor of the MSE 65, the supernatant was fractionated with (NH1)2SO4 at 27.5, 36.4 and 52.9% saturation (Hatefi & Stempel, 1967) , and the pellet fraction was resuspended in NaC104 containing buffer, incubated at 35°C for lOmin and re-centrifuged. The material in the supernatant from the second NaCI04 treatment completely accounted for that proportion of the first supernatant calculated to be trapped in the pellet, i.e. the second NaCIO4 treatment caused no further solubilization of protein. All and 26K-mol.wt. polypeptides were not labelled to any significant extent. Fig. 8(d) shows that the radioactivity associated with the solubilized 75K-and 53 K-mol.wt. bands was concentrated in the ironprotein fraction, whereas the 53 K-mol.wt. band ofthe flavoprotein fraction was not labelled (Fig. 8e) . Therefore the solubilized polypeptide of molecular weight 53 K is also heterogeneous. Although the 29K-mol.wt. band of the ironprotein fraction and both the 53K-and 26K-mol.wt. band 'of the flavoprotein fraction were unlabelled in this experiment, iodination after NaClO4 treatment of Complex I 'caused incorporation of 125I into all these polypeptides (Fig. 9) Gel slice number Fig. 8 . Iodination ofComplex Isubunits Complex I (19.6mg of protein) was incubated at room temperature in a final volume of 20ml containing 0.67M-sucrose/50mM-Tris/HCI, pH8.0, 20,ug of lactoperoxidase and 160,Ci of Na125I (carrier-free). lodination was performed by the addition of 10p1 portions of 20mM-H202 at 30s intervals (total of ten additions). The sample was diluted to 40ml with the sucrose/Tris medium, EDTA (1 mM) and 2-mercaptoethanol (0.1%) were added and the mixture was centrifuged at lOOOOOg for 1 h at 4°C in the 8 x 50ml rotor of the MSE 65 centrifuge. The pellet was homogenized in sucrose/Tris medium at 4°C with a motor-driven Potter-Elvehjem homogenizer, washed again by centrifugation as before and finally homogenized in sucrose/Tris medium to a final volunme of 2ml. Chaotropic resolution, isolation of fractions and gel electrophoresis were performed as described in the legend to Fig. 6 . The gels that gave rise to the densitometer profiles of Figs. 1 and 6 were sliced and counted for radioactivity as described in the Materials and Methods section (a) Complex I; (b) NaC104-insoluble material; (c) NaCIO4-soluble material; (d) iron-protein fraction; (e) flavoprotein fraction. different conditions of labelling in each case, the absolute values of incorporation in the two experiments of Fig. 9 and that of Fig. 8 of20mM-H202 were added at 3Osintervals. These amounts of iron-protein and flavoprotein were derived from the same amount of Complex I that was iodinated in the experiment of Fig. 8 by l6OCi of Na125I. Therefore, for comparison, four times as much protein was electrophoresed in tho experiments of Fig. 9 as in the respective experinents of Fig. 8 . not due to absence of iodinatable residues, but to inaccessibility of these residues in the native multienzyme complex.
To substantiate fumther the finding that iodination of Complex I did not cause incorporation of 1251 into the subunits of the flavoprotein fraction, the experiment of Table 2 was undertaken. Complex I was titrated with iodine in the presence of lactoP peroxidaseand excess ofH202 until nofurtherchanges in enzyme activity were observed. Ragan (1975) reported that rotenone-sensitive NADH-ubiquinone-1 reductase activity declined, whereas NADHI-menadione reductase and rotenone-insensitive NADHubiquinone-1 reductase activities increased. Flavoprotein derived from urea treatment of the iodinated Complex I exhibited activities not significantly different fron flavoprotein isolated from noniodinated Complex I. In contrast, iodination of isolated flavoprotein resulted in parallel decreases in all activities. The spectra in Fig. 10 indicate that iodination of Complex I did not cause any alteration to the spectroscopic change caused by NADH reduction, except to decrease-the extent of reduction of the cytochrome impurities. lodination of the flavoprotein fraction (Fig. 11 ) completely prevented for 60min at 40C and resuspended to a final volume of 3ml in the sucrose/Trhs medium. Chaotropic resolution was performed by the addition of NaCl04 to a final concentration of 0.5M and incubation at 359C for 10,min.
The flayoprotei fraction was isolated as described by Hatefi & Stempel (1967 Hatefi & Stempel (1967) . (a) Table 2 and Fig, 10 show that extensive iodination of Complex I had little or no effect on the ability of NADH to reduce the chromophores of the enzyme. Since iodination of the isolated flavoprotein led to loss of reducibility by NADH, it is clear that the flavoprotein was not significantly iodinated when it was still part of Complex I. This latter conclusion does not depend on a subsequent fractionation of iodinated Complex I and is tberefore not open to the above criticism.
Stoicheiometry of the subunits of Complex I On the basis of the FMN content of Complex I (1.2-1.3 nmol/mg of protein) or of the soluble high-molecular-weight NADH dehydrogenase (1.1 nmol/mg of protein; Baugh & King, 1972 ) the miniimum protein molecular weight of the NADH dehydrogenase region, assuming 100% purity, is of the order of 850000. The relative amounts of the constituent polypeptides of Complex I may be estimated from the intensity of the Coomassie Blue staining, and from the molecular weights of these polypeptides and total assumed molecular weight of Complex I, the molar proportions of some of the clearly resolved polypeptides have been calculated (Table 3 ). The presence of one molecule of the 26K-mol.wt. band and one of the 53K-mol.wt. with the complex in all preparations, if it remains associated with it after further attempts at resolution, if it is present in similar preparations made by different procedures, and if it is present in stoicheiometric amounts it is unlikely that the polypeptide is an impurity. By these criteria, the polypeptides described in this report appear to be integral components of Complex I.
When Complex I is incorporated into phospholipid vesicles, oxidation of NADH by ubiquinone-1 is linked to proton translocation across the membrane (Ragan & Racker, 1973; Ragan & Hinkle, 1975) . Ragan (1975) proposed that the 33000-mol.wt. polypeptide of Complex I is the transmembrane component involved in proton translocation. With such a significant function assigned to this polypeptide, it is important to establish that it is not an impurity. First, this component is consistently observed in all Complex I preparations and is present in equimolar concentration with the major components of the iron-protein fraction and the subunits of the flavoprotein fraction. A component or components with similar molecular weight constitutes the major polypeptide of submitochondrial particles and is selectively solubilized by lysophosphatidylcholine (Capaldi et al., 1973) . It is also a major component of the membrane sector of the proton-translocating ATPase (Kagawa & Racker, 1971) , but is present in submitochondrial particles in a much higher molar concentration than the F1 ATPase (Capaldi et al., 1973) . Oligomycin-sensitive ATPase exhibiting 32P1-ATP exchange activity has been isolated by Hatefi et al. (1974) . This preparation (Complex V) contains the 29000-mol.wt. polypeptide, and since the techniques of purification of Complex V were similar to those used for the other respiratory complexes, it would appear that these same techniques do not lead to resolution of the F1 ATPase from the membrane sector components. In view of this, and the absence of F1 ATPase components from Complex I, it is unlikely that the 33000-mol.wt. polypeptide of Complex I is a fortuitous impurity. It is proposed therefore that the polypeptide of this molecular weight is a component of the membrane sector of the protontranslocating NADH dehydrogenase and also possibly the proton-translocating nicotinamide nucleotide transhydrogenase (Rydstrom, 1975 
